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- diameter - cm or ft 
- liquid holdup fraction for the Duns and Ros 
method 
- friction factor 
- nondimensional function for the Duns and Ros 
method 
2 - acceleration of gravity, 9.8 N, 32.2 ft/sec 
- universal conversion factor 
- nondimensional total pressure gradient 
- non dimensional static pressure gradient 
- nondimensional frictional pressure gradient 

























English Letters (Continued) 
- inclined liquid holdup 
- liquid velocity number 
- bubble number 
- diameter number 
- gas velocity number 
- liquid viscosity number 
- mist flow number 
- slug flow number 
-·pressure 
- Reynolds Number 
- density ratio 
- gas velocity number (Duns and Ros) 
- liquid holdup 
- correlating parameter for the slip velocity 
2 
- overall heat transfer coefficient, Kw/m K, 
2 0 
Btu/hrf t F 
- velocity, cm/sec or ft/sec 
- Weber Number 
Greek Letters 
- roughness factor, cm or ft 
- volumetric liquid fraction 
2 
- surface tension, dynes/cm 
-,.absolute viscosity, cent:!,.·~· lb/ft sec .. ~· . ._. .... ____ _ 
3 
- density, gm/cc or lb/ft 
ix 
Subscripts 
0 - single phase 
9, - liquid 
ns - non-slip 
s - slip 
tp - two-phase 





Two-phase flow is the simultaneous flow of two phases in a single 
pipeline. In this work, the two phases referred to are gas and liquid. 
The applications of two-phase flow in industry are many and the litera-
ture contains numerous articles and books on the subject. 
One conunon feature of existing methods is the lack of reliable 
methods for predicting thermodynamic and physical properties. The 
accuracy and consistency of the results are, therefore, doubtful. The 
need for combining a reliable equation of state with some of the methods 
of two-phase flow was the reason for undertaking this work. 
The combination of an equation of state with two-phase predictive 
methods yields a powerful tool for designing and/or operating a pipeline. 
An equation of state (SRK) was combined with physical properties 
predictive methods and several me.thods of calculating two-phase flow 
in a modular computer program capable of predicting pressure drop in 
~ 
a given pipeline. It.can calculate pressure drops for horizontal, 
inclined, and vertical flow. It is also capable of predicting pressure 
drop in adiabatic or non-adiabatic flow. 
CHAPTER II 
LITERATURE REVIEW 
The study of two-phase flow has been reported widely in the lit-
erature. The sheer volume of what has been written, the diversity of 
the approaches used, and the wide range of specific applications make 
review of the literature in this area difficult. Many studies have 
had as their objective a review of the methods used in two-phase flow. 
The work of DeGance and Atherton (1-8) is particularly good for an 
overall view of gas-liquid two-phase flow. 
The publications reviewed in this chapter are limited to those 
with proven practical application, i.e., used in the industry, or 
. 
of historical value in the development of two-phase flow studies, or 
both. 
The first method for the prediction of pressure drop for two-
phase flow in pipes was that of Lockhart and Martinelli (9). ·The 
correlation obtained was based upon experimental data for the flow 
of air and various liquids in pipes ranging in diameter from 0.0586 
inches to 1.017 inches. The approach was purely empirical and 
resulted in a correlating parameter that is the square root of the 
ratio of the pressure drops that would result if each phase occupied 
the entire conduit. The correlating parameter was then used to obtain 
a function that would predict two-phase pressure drop from the single-
2 
phase pressure drop. This, in turn, is a function of the correlating 
parameter and the type of flow that exists during the simultaneous 
flow of both phases. Lockhart and Martinelli proposed the following 
flow mechanisms: 
1. Turbulent liquid .and .turbulent gas flow 
2. Viscous liquid and turbulent gas flow 
3. Turbulent liquid and viscous gas flow 
4. Viscous liquid and viscous gas flow·. · 
They presented the parameter and function in graphical forms 
which were unusable for computer application. DeGance and Atherton 
(4) curve-fitted the graph~ and obtained equations that can be used. 
The data for developing the correlation were limited (diameter 
0.0586 to 1.017 inches) and confined to two components (air-water, 
air-benzene, air-kerosene). Only isothermal flow was considered. 
In spite of all of this, the correlation proved to be of great prac-
tical use and is still used today. More importantly, subsequent 
methods and correlations followed this general approach to predict 
pressure drop in two-phase flow. 
A recent article (10) proposed a nomograph based on the Lockhart-
Martinelli equation. Besides being cumbersome, the nomograph proved to 
be inaccurate for a test case. The difference between the nomograph 
and Lockhart and Martinelli's method was 40 percent. This is due in 
part to the many lines that have to be drawn in order to obtain the 
pressure drop. Any small deviation in the slope or intercept of a 
line can change the result by an order of magnitude. 
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Baker (11,12) expanded on the Lockhart and Martinelli work by 
introducing the effect of flow patterns, inclined flow, temperature 
change, and pipeline efficiency. Baker retained the correlating 
parameters of Lockhart and Martinelli but introduced new parameters 
to determine the flow regime. The method of calculating the single-
phase pressure drop and the corr.elating function are dependent on the 
flow regime. 
Although there have been numerous publications dealing with pres-
sure drop in gas-liquid flow since the Baker correlation was intro-
duced, a major contribution was the result of a project funded by 
the American Gas Association and the American Petroleum Institute 
(13,14). Data for a wide range of conditions· were collected from the 
literature. Attempts were made to evaluate the data as to accuracy, 
range and reliability. Existing correlations were then tested against 
the evaluated data. The correlations tested provided a starting point 
for developing an improved method for predicting two-phase pressure 
drop. 
By applying similarity analysis they developed a liquid holdup 
correlation for horizontal flow that combines all types of flow in 
a single graph. With the application of a three dimensional table 
reading subroutine the correlation could be used quite readily in a 
computer program. 
The AGA-API project recommends the Flanigan (14) correlation 
for two-phase flow in inclined pipelines. 
The results of the project were presented in a design manual (14) 
and represent a practical approach to computer calculation. The 
4 
generality of the method offers reasonable accuracy with simple appli-
cation. 
Duns and Ros (15) developed a calculation procedure for the pre-
diction of ~ressure variation in oil wells and gas/condensate flow 
over a wide range of field operating conditions. The correlations are 
complicated and there is a need for computerized calculations. How-
ever, the correlations were presented in graphical form and are hardly 
useful in computer applications. 
Duns and Ros proposed three regions for vertical two-phase flow: 
1. Region I which includes bubble flow, plug flow and part of 
froth flow. 
2. Region II which includes froth flow and slug flow. 
3. Region III which includes mist flow, with a transition region 
existing between it and Region II. 
The dependency of liquid holdup and friction upon the velocities 
of gas and liquid, pipe diameter, liquid viscosity, liquid density, 
and surfac.e tension led Duns and Ros to the development of four dimen-
sionless numbers that are used to determine the three regions. 
The same approach was used by Orkiszewski (16,17) although four 
regions were proposed. 
1. Region I consisting of bubble flow 
2. Region II containing slug flow 
3. Region III containing annular-slug transition flow 
4. Region IV consisting of annular mist flow. 
The method was produced by applying six methods to field data 
from twenty-two wells, and then modifying existing methods. 
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The method is valid for pipes ranging in diameter from three to 
eight inches.. The use of dimensionless numbers to determine the flow 
regions is very similar to the procedure Duns and Ros. DeGance and 
Athertone (5) consider this method to be the mobt accurate method for 
pure vertical flow in small diameter pipes. 
For inclined pipes, the method of Beggs and Brill (18,19) can 
be used for the specific evaluation of pipelines passing through hilly 
terrain. The method is based upon experimental measurements using air 
and water. An updated version of the test system was reported in 1979 
(2),utilizing basically the same concept although the updated system 
used natural gas and water. 
The basic elements of Beggs and Brill's method are a correlation 
of the angular liquid holdup as a function of horizontal holdup and 
a correlation of the two-phase friction factor as a function of single-
phase friction factor. DeGance and Atherton (5) curve-fitted the 
graphical form of the correlations making the use of the method in a 
computer program possible. 
Recently the Beggs and Brill method came under attack from 
Danesh (21). Using a gas-condensate pipeline data Danesh reported 
negative values and values greater than one for the liquid holdup 
predicted by Beggs and Brill. Danesh concluded that since the corre-
lations are based upon an air-liquid mixture, the method over-predicts 
the horizontal holdup for high pressure gas-condensate pipeline. The 
effects of physical properties are not considered in the prediction of 
horizontal liquid holdup, although they are included in the parameters 
6 
that are used to determine the region of flow. An unsuccessful 
attempt was made (22) to obtain data from Dr. Danesh to test on other 
methods. 
Although there are several other sources worthy of consideration 
(23,24,25,26), the most important work in this writer's opinion is 
that of Erbar and Maddox (27). The idea of combining a good equation 
of state with two-phase predictive methods was proposed· and applied 
by them. The whole work takes the reader into the useful utilization 
of the computer in designing and operating gas processes in all as-
pects. 
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The need for more accurate two-phase flow correlations demands 
solid theoretical investigation coupled with testing by data. The 
application of good physical and thermodynamic prediction methods-· might 
help in developing a future two-phase flow method. 
CHAPTER III 
PROGRAM GENERAL DESCRIPTION 
The main purpose o'f this· research was to develop a computer program 
that contained the more widely used two-phase flow calculation methods. 
The program was to incorporate_goodphysical and thermodynamic properties 
predictive methods. Th~-!~~kage was an equat!9._n.....~J;.~_Ji..Q!S!.l:L_~~~-~p­
~~-:~-~~~:~-~-a.-~_1:J:l~. thermody;n~mic;.~n.~L 0s_ql:ll~ .. PhX£!JG.el . prQpert:ie~.' a vis-
cosity correlat,ion ;();-_ '1?9..t.h .... the .. JJ,..9..l;!.!.<:!.3~!!4 .. .Y!tP9!".,J?he.~~i;; .~t>:<:l. a. surf~ce 
~-~~::;~~;;;;~~~-~-;Y~ .. N~"thod. The package contains (§}two-pha~·e"~~ow 
calculation procedures: one for upward vertical flow, another for both 
upward and downward vertical flow, a method for inclined flow, one for 
h~d one method is for all directions of flow. All of 
the methods, with the exception of those for vertical flow, have been 
modified to calculate all types of flow. 
The. Equation of State 
The equation of state chosen for the prediction of thermodxnamic 
and physical properties is the Soave-Redlich-Kwong equation of state. 
-~. ~ .. ~-.... . ..........-----..... -..,... 
The package contained in the program is part of GPA*SIM (28). 
Viscosity Correlation 
A subroutine was written based on the correlations of Thodos 
and ca-workers as presented by Ried, Prausnitz and Sherwood (29). The 
a. 
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subroutine is capable of ca_lculating eith~-~--t:h~_J,:f,q1,1:lcl yJ_l?CQ~_:lt:Y or 
the vapor viscosity. It is interacting within the system and can be 
~---------.- ·-··~· ---~·------· •••~·-K·- ---_,.,~,.,.,,,._ ___ -~~---r-------~ .......... ~ .. ,,,_...-..,,._,....,., ........ - ~, ... ..._,___,..,, 
viscosity. ___ ... -------~ ----
Surf ace Tension 
The subroutine for surf ace tension is based on the equations pre- _ 
t6-;3 
sented in the GPSA Engineering Data Book (30) and is capable of cal-
culating the liquid-vapor surface tension of mixtures. 
__ .. _,< .. -~----.-----,.,...,.- _ ..... 
Two-Phase Flow Procedures 
The five methods chosen for this work cover the three cases of 
application in the industry: vertical flow, inclined flow and hori-
zontal flow. They were chosen from a wide field of methods available 
in the literature on the basis mentioned earlier. Other methods can 
be added to the package with a few minor alterations to the package. 
The Duns and Ros Method (15) 
This method is limited by the original authors to vertical-
liquid and/or gas-liquid flow through a circular conduit from the 
bottom of the well to the well head. The method correlates the 
liquid hold-up and friction factor using four dimensionless numbers, 
which are: 
;,.. 
RN = gas velocity number = V88 (ptgc/gcr) 4 
1 
N =liquid velocity number= V81 (ptgc/gcr)~ 
1 
Nd~ diameter number • D(ptg/d)~ 
3 ~ Nt • liquid viscosity number • µt(g/ptcr gc) 
10 
The liquid hold-up E is functionally related to the slip velocity, 
R, 
V , which is defined as follows: 
s 
v 
V • sg 
s 1-E R, 
( "fet 1'5.t) Ee - 'Ut 
The slip velocity is expressed in dimensionless form by: 
III-2 
The slip correlation S was obtained by correlating the governing 
group. Once S is obtained, V can be determined. 
s 
For Region I containing the bubble flow, plug flow and part of the 
froth flow regimes, S is covered by the following formulas: 
III-3 
F"' = F 3 3 III-4 
F 1 , F 2 and F 3 can be obtained from Figure 1. Region I extends 
from Zero N and RN up to the limit given by:, 
III-5 
The factors L1 and L2 depend on the diameter number and are given in 
Figure 2. For Region II, which co"U"ers the slug flow regime and the 
remainder of the froth flow regime, the slip correlation is: 
S = (l+F5) 
where: 
(RN).982 + F"' 
6 
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Region II extends from the upper limit of Region I to the transi-
tion zone to mist flow given by: 
RN= 50 + 36N III-8 
As the gas velocity becomes very high, the liquid is then trans-
ported as small droplets (mist flow). There is virtually no §,lip 
be_:~_n th*:_S.l!! .. -M.4. .. +J:.~d d;:.02~et~. so .J s becomes zero. E .!/, is 
obtained from the following equation: 
En = 1 / . :.- +·V V 11 sg Sui:. 
1 
III-9 
For the transition zone extending from the upper limit of Region 
II to the limit given by: 
RN ~ 75 + 84 N' 75 III-10 
No hold-up correlation for the zone was presented. Instead, the total 
pressure gradient was approximated by linear interpolation, on the 
basis of the value of RN, between pressure gradient values obtained for 
the upper limit of Region I and the lower limit of- Region III. 
The static pressure gradient (Gst) is obtained by the following 
equation: 
III-11 
The frictional pressure gradient (Gfr) is the same for Regions 
I and II and is gove~ned by the following equations: 
; G .., 2£ N(N+RN) 
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The dimensionless factors f 1 and f 2 can be obtained from Figures 4 
and 5 respectively. 
In Region III the gas phase is continuous and friction originates 
from the drag of the gas on the pipe wall. Although slip is absent, 
there is a liquid film that covers the wall of the pipe and the normal 
roughness factor E is no longer valid. Duns and Ros present a new E 
which takes into account this added problem. Figure 6 allows the 
calculation of E which can then be used to obtain f1 from Figure 4. 










Duns and Ros obtained an equation that takes into account the 
contribution of acceleration in terms of the frictional and static 
pressure gradients. 
G + Gf st r 
G = 1 - (p V · + p V )(V /P) 
i st g sg sg 
One has to keep in mind that this total pressure gradient is 
,...._-~-----····~·--,....--··------_....- ~ ..... 
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The Orkiszewski Correlations (6,7,16) 
This correlation is similar to that of Duns and Ross in its use of 
flow regime numbers to define the boundaries of flow regions. The 
flow regime parameters are: 
Bubble flow number Nb m 1.071 - 0.2218 V 2/D III-17 ns 
l 
Slug flow number N a 50 + 70 vs,<p,/a)~ III-18 
8 
1 .75 
Mist flow number N a 75 + 138L[VSl(p 1/a)~] III-19 m 
Gas velocity number N • 1.938 V (p 1/a)~ III-20 gv sg 
Bubble flow exists when the following inequality is satisfied: 
V /V < Nb sg ns III-21 
The liquid hold-up, two-phase density, Reynolds number and fric-
tional pressure gradient are given by the following equations: 
~ 
R0 = 0.5 - .625 V + ((.5 + .625 V ) 2 - 1.25 V ] 
N ns ns sg 
(ddPZ) m f Pn(V n1Rn)2/2g D 





The two-phase friction factor is obtained from the Colebrook equation 
(4) u~i~ the t~Beynolds numb,er. 
III-25a 
Slug flow exists when V /V > N and N < N 
g ns gv s III-26 
In this regime the Reynolds number is g§U,ned w>: 
~ -
Re • 1488 PnDV /µn s }fy ns ,., 
· Defining the quantities N1 and N2 ~s: 
( 
N1 =J7200 (-.35 + (0.1225 + 0.04931 Vn9 /n°· 5)] 
N2 • (j···;1210 [-.546 + c.29s1 + o.01s49 v 10°· 5)] ·•·· ''·' ns 
Vr' the bubble rise velocity is givQn by: 
'/',.Y 
if Re8 > N1 v r • (1. 985 + 4(~_as· x 10-s R88)o0 • 5 
if Re < N2 v • (3.097 + 4.958 x 10-5 R )Do.s 
s r es 
y ~ (l.423 + 4.958 ~ 10-S R )DO.S 
ee 
vr • o.5 [y + (y2 + (13,59µt)/p~ n°• 5)· 5] 
The parameter r ia calculated by1 
if V < 10 r • (0.0127 log(µn+l)]/o1•415 - 0.284 + ns ,. 
0.167 log Vns + 0,113 log D 
if v > 10 r "" [o. 0274 1o{6(i.in· .. 1) J/n1 • 371 + 0.161 + ns ,. 
0.569 log U -{[O.Ol log(µJ!.+1)]/o 1 •571 + 















(dP) c (ft ~nV 2/2g D)((V 0 +V )/(V +V) + r] dZ f p h ns c Sh r ns r III-37 
The two-phase friction factor is obtained as for bubble flow. 
Orkiszewski suggested the following averaging procedure for tran-
sit ion flow: 
and 
t = (N -N )/(N -N ) 1 m gv m s 
.,. t (dP) + (l t ) (dP) 
1 dz - 1 dZ slug mist 
The transition flow exists when 
N > N > N m gv s 
The mist flow exists when 
N > N gv m 
The correction term for relative roughness is applied where 




Nw = (4.52 x 10 )(V8 gµSl/a) (pg/pSl) 
if N > .005 w 
E/D = 4.14a(N ) 0302 /(p v 2D) w g sg 
if N < .005 
w 
e/D 2 0.804cr/(p V D) g sg 










(dP) = f p V 2/2g D 
dZ f tp g sg c ' III-46 
where ftp is obtained from the Colebrook equations using E/D and Rem· 




= _ [<dP) + 
dZ 
regeim 
p i (g/g )] /(1-AC ) rege m c ns 
AC = GtV /g P ns sg c 
III-47 
III-48 
Th;e Beggs and Brill Correlations (18,191 
The Beggs and Brill correlations for liquid holdup and friction 
factor were developed using dimensionless variables. These variables 
are flow pattern dependent and are governed by the following equations: 
-~l 
A= volumetric liquid fraction= V 0 /(V +V 0 )--y~~ - s.... sg s .... 
X = tn(A) 
L = Exp(-4.62 -1 
v1/.v r( 
Vse • ~''f'~ /, c;., I Ii f" ti 
Ys;r z :}47 




Lz = Exp(l.061 - 4.602X - l.609X2 - 0.179X3 + 0.635 x 10-3 x5 ) 
III-52 
NFR = Froude number = Vn8 /gD 
1 ( I ) 0. 25 N = iquid velocity number= V8 i Pt gcr 
( I )0.25 RN = gas velocity number = V Pn gcr 
sg "" 
Nd= diameter number~ D(ptg/0) 05 
~;e. flow patte~nl:!_~re propo~ed: 
1. If NFR < L1 , the flow pattern is segregated 






3. If L1 < NFR < L2, the flow pattern is intermittent. 
-·~ Th':_. B~-8.__~.1.1~ .... -~:l'.'~~-~--~~-~~~~~-~~-~-'i~~~~e 
~!~.Jl:t.e. . .shgwg, ;ba .. I~l.~ .I.. ~ (0) is the <o1d-up in a horizon-
tal line. C+ (uphill) and C- (downhill) are the correction factors 
to be applied when the flow is uphill or downhill, respectively. 
The hold-up at any angle is calculated from: 
1 3 ~(6) = 1\,(0){1 + C[sin(l.86) - 3 sin (1.86~} 
provided that 
and 
The two-phase friction factor is calculated as follows: 
where 
and 
f s ·:t · ·B ...:£E. ...... :e·· ... f .. . . . .. 
ns 
2 
SB = [in(y)]/{-0.0523 + 3.182in(y) - 0.8725[R.n(y)] 
4 







The non-slip friction factor :(f ) is obtained from the Moody ·· · ns 
diagram using 
·GD 
Re .: .. · ; :t.· -::.. 
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c+ = o 
III-62 
(C-) Downhill 
0.1244 ... , 
[
4. 7 N1 
(1-A)in 0.3692 0.5056 j 
A NFR -t 
III-63 
Same as Segregated 
III-63 





Equation III-67 becomes unbounded in the interval 1 < y < 1.2. 
For that interval SB is calculated as: 
SB = 2n(2.2y - 1.2) III~n 
The total pressure gradient is then calculated from 
III-72 
-dP -- .. dZ [p 0 H1 + p (1-R )JV• V 1 _ N g -'"L ns sg 
g p 
c 
The American Gas Association-American 
Petroleum Institute Method (12,13) 
In this method, henceforth referred to as the AGA method, the 
pressure drop due to friction is calculated by: 
III-73 
where 
. 2 3 
S = 1.281 - 0.478(-2nA) + 0.444(-2nA) - 0.094 (-2nA) 
+ 0.00843(-2nA) 4 
III-74 
and 
f = 0 0014 + 0•125 o • Re 0.32 9 
tp 
III-75 
The calculation of Re (the two-phase Reynolds number) involves 
tp 
a trial and error procedure consisting of the following steps: 
• 1. Estimate a value of ~ (the liquid hold-up) 
2. Determine the value of A from III-49 







DV p ns tp 
µtp 






obtain a value of~ from Figure 7. If the value of~ agrees with 
the assumed value within 5%, the calculation is satisfactory. If not, 
repeat steps 1 through 3 using the new value of ~· 




= 2 ftp L Vns 
144 g D . III-79 
c 
The pressure drop due to elevation changes is calculated using the 






1 + 0.3264 v 1 •006 sg 
~p R. I:H 
144 
~H = sum of elevation changes. 





Retp x 1 o~-3~-----= 
0.1-
0.01 __ ---'-,__..,_...____..__.. ............. ~~..___._......._........._,,__.__._....._~..__....._....._.__._.............., 
o.oo 1 o.o 1 A 0.1 1.0 




t.P = 1 
A 144g 
c 
[ v2 v1 ~ _ pg sg + pt Sl. cos t (l-1\) I\ pstream 
8 = the angle of the pipe bend. 
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III-82 
The total pressure drop is the sum of the pressure drops due to 
friction, elevation changes and acceleration. 
AP 
total 
The Lockhart-Martinelli Correlations (4,9) 
The Lockhart-Martinelli correlating parameter is 
~ 
x = [(dP/dZ) t I (dP/dZ) 8] 
III-83 
III-84 
where the pressure gradient terms are those which would result if each 
phase occupied the entire conduit separately. The correlating parameter 
is then used to find a multiplying factor that can be used to obtain 
the two-phase frictional pressure drop from that calculated for single-
phase flow: 
¢ 2 = 
R, 
(dP) I (dP) 
dZ tp dZ R, 
The function ¢p, was presented in graphical form. The flow 
mechanism was chosen to divide the flow into four types: 
III-85 
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1. Turbulent-turbulent flow ~ if the Reynolds numbers f?r both the 
liquid and vapor phases is greater than 2000, the corresponding <j>JI, is 
$.Q.,tt 0 
2. Turbulent-viscos flow - if the Reynolds number for the liquid 
phase is greater than 2000 and the Reynolds number for the vapor phase 
is less than 2000, the corresponding qrn is 4> n • 
IV IVf tV 
3. Viscous-turbulent flow - if the Reynolds number for the liquid 
phase is less than 2000 and the Reynolds number for the vapor phase is 
greater than 2000' the car.responding 4> n is 4> n • 
IV IV f Vt 
4. Viscous-viscous flow...:. if both Reynolds numbers are less than 
2000, the corresponding 4> n is ¢ n · · • 
' IV IV,VV 
DeGance and Atherton (4) curve•fitted the correlations in the 
following form: 
4> = EXP 
.Q, ' 
r ~ a. (JlnX)i=l} 
~=11 
III-86 
The coefficients for the fit are presented in Table II. Once 
the type of flow for each phase is known and the parameter X is obtained, 
the two-phase frictional pressure drop is then calculated by using 
equations III~85 and III-86. 
Pressure Drop Calculations 
An iterative procedure is used to determine the pressure at the 
end of the pipe. The procedure is as follows: 
> 1. The pipeline is divided into an appro,e.,riate number of segments. 
' 
2. The outlet temperature and pressure are estimated for the end 
of the segment. 
3. 
T1 .. 7< .&J'. 
~ -<.. 
A flash calculation with the average temperature and pressure 
/ 
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of the segment is performed. Physical and thermodynamic properties are 
obtained. 
4. The pressure drop for the segment is calculated using one of 
the two-phase pressure drop methods. 
5. If the pressure at the end of the segment is acceptable within 
a tolerance, proceed to Step 6. If not, Steps 3 and 4 are repeated 
using the calculated pressure. 
6. An energy balance is performed as follows: 
Q = UA (T - T ) ~ ~ H 
p S A 




Q = amount of heat transferred to the pipe segment 
U = the overall heat transfer coefficient for the segment 
TS temperature of the surroundings 
TA = average temperature for the segment 
Hout,in = total enthalpy of the fluid 
7. A flash calculation is performed for the condition at the end 
of the segment. The temperature at the end of the segment is obtained. 
8. If the temperature is the same as in Step 2, the calcula-
tions for the next £flip line se~ment are ,e.:;rtorm.=,d. If not, Steps 2 
through 7 are repeated. 
The use of the equations of state in this manner would automati-
cally account for temperature changes resulting from fluid expansion 
(Toule-Thompson effect). Another advantage of the use of the equation ____________________ , _____ __.__ _ 
of state is in the case of vertical flow. Since the static pressure 
-~---------.-~ ..... ,.....---~~ 
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heat is of great imp~E:_ce in the tota~ pressure droE_calcula~~' an 
accurate estimation of the relative amounts of liquid and vapor is ______ , ____ .. _.,,,.,_.,,~-_.,.,.....,.,_...,._,o -•·.,,·""""'•<••.,._..,.~~~--,...,-........,. ... .,_.,,,.,..~w,._._,.,.,_,.,""-"~----~-...._,,,,., .. .,.,,.,.,_.,.,.~-,,,,,.,,..,..,.-.,,,..,,rA> 
critical. 
.. -- The_ equation. of a.tate p.:9vides such an. ~~imati.o~ .. ~};..th 
accuracy, thus allowing the determination of the total pressure drop. 
I'~-~_..... 
<1>£,vv <Pi, tv 
al 0.97995 1.24907 
a2 -0.42951 -0.44314 
a3 0.09563 0.06680 
a4 -0.00547 -0.00521 
as 0.00142 -0.00057 
a6 0.00011 0.00012 
a7 - -
TABLE II 























Five test cases were chosen to demonstrate the capabilities of 
the program, to compare the methods used and to study the effect of 
different parameters on two-phase pressure drop. In addition, the 
cases were intended to cover as wide a range as possible of gas and 
liquid flow ratios and pipeline elevation profiles. 
The five cases are: 
Case 1 Ye/r; u.I 
As originally presented by Gould (31), the pipeline is 30 miles 
(48.3 km) long with a uniform rise of SO ft/mile (9.47 m/km). The 
inside pipe diameter is 15 inches (38~1 cm). Inlet conditions were 
set at 915 psia (6.31 MPa) and 140°F (6o0 c)·with an equivalent gas 
flow rate of 100 MMSCF/D. Two overall heat transfer coefficients 
and two relative roughness factors were used. The composition of 
the fluid and the specifications for the case are shown in Table 
III. 
Case 2 
The case was based on the information provided for well 22 by 
Orkiszwski (17). Since the original article did not provide the 
composition of the fluid, an attempt was made to create a composition 
that matched the values for density and overall API gravity stated 
33 
TABLE III 













Inclined Gas Pipeline 
Equivalent Gas Flow Rate 




Overall Heat Transfer Coefficient U 
Pressure 
Temperature 














50 feet per mile 








in the article. The specifications for the pipeline are shown in 
Table IV. 
Case 3 
In this case, an attempt was made to create a fluid that had a 
high liquid content in order to study the effect of pipeline diameter 
on temperature and pressure profiles and change in diameter on volu-
metric liquid fraction in the pipe. Table V contains the composition 
of the fluid and the pipeline specifications. 
Case 4 Hv 11· Z ,,.,..1c..,. f 
The information for Case 4 was provided on a confidential basis 
(32). The pipeline connects an offshore platform to a processing 
35 
plant on shore. The inside diameter of the pipeline is 19 inches 
(48.26 cm). The pipeline is 64.91 miles (104.505 km) long with a total 
rise of 249 ft (75.9m). Two relative roughness factors were chosen. 
The overall heat transfer coefficient was chosen in order to match 
the known temperature profile for the line. The composition and 
specifications are in Table VI. 
Case 5 
This is an artificial example that is based on Case 1. Eleva-
tion changes were dropped, but all other conditions (with the excep-
tion of one overall heat transfer coefficient) remained the same. 
The purpose of Case 5 was to stuuy the effect of elevation change on 
the conditions studied in Case 1. Table VII contains the specifica-
tions for Case 5. 
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TABLE IV 
SEPCIFICATIONS FOR CASE 2 







Heavy Component Specification: 




Equivalent Gas Flow Rate 




Overall Heat Transfer Coefficient U 
Pressure 
Temperature 














3924 feet (. 74 miles) 
.00241 
1. 0 Btu/hrft2F 






SPECIFICATIONS FOR CASE~ 
Horizontal Flow Pipeline 






Heavy Component Specification: 
Normal Boiling Point 
API Gravity 
Molecular Weight 
Pipe Line Conditions: 
Equivalent Gas Flow Ilate 




Overall Heat Transfer Coefficient U 
Pressure 
Temperature 
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•'l 4.301 ' 
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.- 1. 718 
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CHAPTER V 
DISCUSSION OF RESULTS 
For the five test cases presented in Chapter IV, pressure drops 
were calculated using the applicable methods'. The numerical results 
are presented in Appendices A, B, C, D, and E. Figures 8 through 26 
represent the results as functions of the distance or the length of the 
pipeline. Each distance was divided into a number of segments. 
The segment length was chosen such that an optimum number of calcula-
tions can be conducted. An increase in the number of segments 
above the optimum number had little effect on the results. 
In this chapter the results of each case will be discussed 
separately unless the cases are similar in nature • 
. ...... --...._ ......__,_ 
The fluid in~is mostly gas flowing in a large pipe (I.D. 
15 inches) with a slight~rise (50 ft/mile). The methods used to 
calculate the pressure drops were the AGA, Beggs and Brill, and Lock-
hart and Martinelli. The most striking result is the effect of 
relative roughness on pressure drop. In Figures 8 and 9 the change 
-10 from a smooth pipe (e: "" LO x 10 ) to a rough one (e: = s. x 10-4 
resulted in a large increase in pressure drop. Although an increase 
was expected, its magnitude in the case of Lockhart and Martinelli is 
disturbing. Several reasons that contribute to this are: 
1. The Lockhart-Martinelli correlations were based on the air-
water system flowing through smooth, small diameter pipes (.06-1.0 
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inches). Since the correlations are purely empirical, the use of such 
correlations in calculating pressure drops in large diameter, rough 
pipes will result in an error in calculation. 
In support of this, one should note that the pressure drops in a 
smooth pipe for the AGA and the Lockhart~Martinelli methods are prac-
tically the same. The AGA was progrannned for smooth pipes only, since 
their holdup correlation was based on data obtained from such pipes. 
Gangriwala (33) obtained similar results in spite of the fact that he 
used a different fluid. 
2. Several authors (34,35,36) have argued that since the Lock-
hart-Martinelli correlations were based on an air-water system at one 
atmosphere they work well if the fluid used is the same or if the 
gas density equals that of air at atmospheric pressure. 
On the other hand, the Beggs and Brill cor~elation predicted a 
lower pressure drop than the other two methods, even for a rough pipe. 
Gregory (36) states that ''the effect of the angle of inclination of the 
0 pipe is small for angles up to 10 , measured from the horizontal. There 
does not appear to be a significant improvement in the prediction accu-
racy resulting from the use of the Beggs and Brill inclination correc-
tion factor in this range of angles." 
0 The angle for case 1 is 0. 54. • The correlation was developed for 
use in inclined flow. Such a small angle of inclination probably causes 
the conservate prediction. 
The effect of the overall heat transfer coefficient (U) on pres~· 
"'----·----------·-·-------~--------·---
sure drop seems to he negligib.le lf Figures 8 and 9 are compared. The 
effect on the temperature, as expected, is more noticeable. When 
a lower U is used less heat is transferred to the surroundings. 
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Temperature drop is therefore lowered as illustrated in Figures 10 
and 11. 
The effect of the over all heat transfer coefficient is more 
noticeable in the volumetric liquid fractions, as can be seen in 
Figures 12 and 13. The fraction of pipe volume occupied by the 
liquid is greater for all methods when the value of U is large. The 
fraction actually increases in spite of pressure loss. This is due to 
the rapid cooling at a nearly constant pressure drop in the first 
miles. As the amount of liquid increases the pressure drop increases, 
resulting in vaporization of some of the liquid. 
Case 2 involves upward vertical flow of a fluid with a high 
liquid content. The two methods for purely vertical flow (Duns and 
Ros, Orkiszewski) predict similar pressure drops, while the AGA 
and Beggs and Brill methods predict slightly lower and higher pressure 
drops respectively. 
No lines were drawn in Figure 15 in order not to crowd the graph. 
The overall heat transfer coefficient had a slight effect on both the 
temperature profile and the pressure drop. This is a clue to the 
facts that the pipeline was relatively short (.74 miles) and that the 
temperature of the surrounding was relatively high (l00°F). 
Case 3 was intended to_~~~~trate the effect of pipe diamet~r on 
pressure drops. As e*pected, larger diameter pipes cause lower pres--------
sure drops. The methods worked in a manner similar to their per-
formance in Case 1, with Beggs and Brill predicting the lowest pres-
--~-,~·-.,_. ... ·--~--~ ..... ~...-.-.·-·"-·~-"··--., .. ,,,.,,.__....,..,,.__ .... ~,-~,.~ •-'""·'"•"'•~>e _,,..,,,_..,~,..,~ ... ~-. .....,,..,,.w• -~-~,if~--
sure drop and Lockhart. and Martinelli predictin~ the highest. For . ····~-----·-.-,·--~-·-»·'" ....... ···- - ... ····· "'"·"'-•'"••··· .. ·········. ···------ - .. ----~~--~~-
the 6" diameter pipeline both methods failed to converge. Lockhart 
~-,,,... .... -~ ....... ~~- .. -,..,~~--·X-,.,..,.,.._ . .., JA-:Z::::::--UZ S, ~-, .... _ ....... -n.,. • - -= 
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Figure 11. 
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Temperature·Frofile for Case 1 
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Volumetric Liquid Fraction Profile for Case 1 
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Figure 13. 
DISTANCE, MILES 
Volumetric Liquid Fraction Profile for Case 1 
(U c 0,5 Btu/hrft2F) 
49 










v • D-R 
50 
--U=1.0 
-- u = 1.5 
0 1000 2000 3000 4000 5000 
DISTANCE, FEET 
Figure 15. Pressure Profile for Case 2 
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and Brill was unable to converge in the last segment of the line. 
~~ 
(Case 4)was intended as a test case for the horizontal flow 
'-,~ 
methods. A pipeline profile was obtained (32) together with the 
exact composition of the fluid. Temperature and pressure data were 
also obtained. Some parameters such as the.relative roughness factor 
and the overall heat transfer coefficient factor were not available. 
based on available information. 
With the temperature profile available, a suitable overall heat 
transfer coefficient could be chosen that accurately matched the pro-
file. The relative roughness factor was based on the type of pipeline 
material. 
The results, again, were as in Case 1. The AGA and the Lockhart 
and Martinelli for a smooth_E.!£e predic;.,t.§.d.e§s~u~~~ttY the_!lame 
pressure drop, while Beggs and Brill predicted a lower pressure drop. 
------·~-----.... ___ _._ ___ ~~-~~ 
Lockhart ~ad Ma:i;,t~.J?E~dicted .. a. mu£.h._.~~::-~~.2~~ a 
rough pipe was used. Figures 19 and 20 clearly illustrate these 
~-. ~-~~ 
points. 
Case 5 is essentially the same as Case 1, but without elevation 
change. Since the elevation change in Case 1 (50 ft/mile) is slight, 
the results of the calculations are almost the same. The absence of 
liquid heat decreases the pressure drop significantly. In spite of 
the fact that the angle of inclination in Case 1 is small (0.54°), 
the pressure loss decreases by about 120 psi for similar cases 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
A computer program was developed that incorporates good physical 
and thermodynamic properties predictive methods with the two-phase 
flow calculation methods, Several cases involving a wide range of 
applications were calculated using the program. The following con-
clusions were reached as a result of the total study: 
1. The computer program is capable of calculating pressure drops 
in pipelines by different methods with relative ease due to uniform 
physical and thermodynamic properties. 
2. The AGA method seems to be accurate for horizontal flow. 
Similar results are obtained by Lockhart-Martinelli if smooth pipes 
are assumed. 
r~"' l..:;;J,,.I ~ 
3. The Duns and Ros correlatio~~ the O~ewski method 
~------......... ,~.-.... ~·~~---··,·····-~ 
predict similar vertical flow pressure drop, accurately matching the 
--=~· . """-". -· _ ..
results given in Case 2. 
4. Empirical correlations are limited by nature to the range of 
the data. The use of such correlations must be done with the under-
standing that the results might be in error. 
The following recommendations are made for the use of the program 
and for further studies: 
63 
1. The ACA method in recorrunencled for the pred:iction of pressun~ 
drops in hori.zontal and slightly inclined pipelines. 
2. Orkisweski or Duns and Ros are recommended for the prediction 
of pressure drops in verti.cal pipelines. 
3. An investigation should be conducted using this program to 
study the effects of viscosity, density, and interfacial tension varia-
tions. 
4. An experimental investigation of two-phase flow with physical 
and thermodynamic properties evaluated by an equation of state should 
be undertaken. Variety of flowing fluids and different flow configura-
tions should be used in order to obtain a reliable and accurate two·-
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APPENDIX A 




VOLUMETRIC LIQUID FRACTION FOR CASE 1 
Segment Lockhart .. Martinelli Besgs and Brill -4 
c./D "' 4.0xlo-4 No. AGA €/D = 0. 0 c./D • 4. OxlO · ·c./D = o.o 
(U = 0.5 Btti/hrft2F) 
1 .02578 .02578 .02521 .026304 .026039 
2 .02767 .02765 .02553 .029586 .028665 
3 .02821 .02813 .02391 .031933 .030234 
4 .02757 .02742 .02054 .033466 .030827 
5 . 02591 .02568 .01549 .034321 .03057 . 
6 .02337 .02308 .06808 .034599 .029464 
(U = 2 1.0 Btu/hrft F) 
1 .02764 .02741 .02701 .028194 .027901 
2 .03234 .03231 .02979 .03462 .033439 
3 .03386 .03361 .02852 .638251 .0359.66 
4 .03294 .03249 .02439 .039772 .036397 
5 .03045 .02979 .01825 .039886 .035434 
6 .02695 .02613 .01011 .039108 .033469 
69 
TABLE IX 
PRESSURE AND TEMPERATURE PROFILES FOR CASE 1 
(U = 1.0 Btu/hrft2F) 
---··· ---- - ----------
Segment Lockhart-Martinelli Beg8B and Brill -4 -4 No. AGA E = 0.0 E = 5xl0 £ = o.o e: = 5xl0 
Pressure Psia 
1 857 857 823 887 871 
2 800 797 727 860 828 
3 742 736 625 832 786 
4 682 673 510 804 747 
5 618 606 373 777 705 
6 549 535 175 751 661 
0 Temperature F 
1 102 102 100 103 102 
2 79 79 77 81 80 
3 65 65 62 67 66 
4 57 56 52 59 58 
5 51 51 44 55 53 
















PRESSURE AND TEMPERATURE PROFILES FOR CASE 1 
(U = 0.5 Btu/hrft2F) 
Lockhart-Martinelli Beggs 
AGA E = 0.0 ~ = 5xl0 -4 €: = o.o 
Pressure Psia 
857 857 823 888 
797 797 725 861 
737 734 618 834 
673 669 499 808 
606 601 354 782 
534 528 132 757 
. 0 
Temperature F 
118 118 116 119 
100 100 97 102 
86 86 82 89 
75 75 69 80 
67 66 56 72 
59 59 36 66 
70 
and Brill 














RESULTS OF CALCULATIONS FOR CASE 2 
71 
Duns and Ross 
u = 1.0 u = 1.5 
!J.P 
1 1290 1289 
2 1083 1081 
3 899 896 
4 729 724 
!J.T 
1 145 143 
2 140 137 
3 135 131 
4 130 125 
TABLE XI 
PRESSURE AND TEMPERATURE PROFILES fOR CASE 2 
Beggs and Brill Orkiszewski 
u = 1.0 u = 1.5 u = 1.0 u = 1.5 
1297 1297 1302 1301 
1100 1098 1104 1101 
926 0923 923 919 
774 769 749 742 
145 144 145 144 
140 137 135 131 
136 131 135 131 
131 126 131 125 
AGA 





















RESULTS OF CALCULATIONS FOR CASE 3 
73 
TABLE XII 
RESULTS OF CASE 3 
American Gas Assoc.-API Lockhart and Martinelli Be~~s and Brill 
Method 10" 8" 6" 10" 8" 6" 10" 8" 6" 
ll.P Psia 
1 993 980 914 982 946 748.7 990 968 860 
2 986 959 820 965 890 391.5 979 936 700 
3 980 939 712 948 832 --* 969 903 501 
4 973 918 581 931 771 --* 959 870 111 * 
!::.T °F 
1 120 121 122 120 121 120 120 121 122.0 
2 114 116 117 114 115 118 114 116 116.0 
3 108 111 113 108 110 --* 108 111 110.0 
4 103 107 108 103 106 --* 103 107 98. * 
Vol. Liq. Fr. 
1 .69459 .68850 .66610 .69098 .67780 .61168 .69332 .68482 ~64837 
2 .70565 .6879 .61547 .69533 .65406 .40252 .70217 .67646 .55502 
3 • 71577 .68610 .55266 .69827 .62609 --* .70983 .6662b .43048 
4 • 72468 .68304 • 4 7125 .69975 .59332 --* • 71618 .6542 .20950 * 




RESULTS OF CALCULATIONS FOR CASE 4 
7 ') 
Se~ent 
Leng. No. AGA 
6.0 ·1 1356 i :<\, 
6.0 2 1336 i j 
6.0 3 1315 ! , •. 
5.55 4 1296 i ')I 
5.0 1 1283 I 2 t? 
4.48 2 1270. ' ''I' 
' ' } 
5.0 1 1256 12.J,O 
5.0 2 1242 1'2.4L 
5.0 3 1228 ll..i? 
5.35 4 @2 ft..1' 
5.0 5 1192 J !Cf} 
5.0 6 1173 jf7'{ 
1.46 7 1160 
TABLE XITI 
PRESSURE AND TEMPERATURE PROFILES FOR CASE 4 
Beggs and Brill Lockhart and Martinelli 
e = o.o e = .0002 E = 0 .0 E = • 0002 
Pressure Psia 
1368 1363 1357 1349 
1357 1348 1335 1319 
1346 1333 1312 1282 
1336 1319 1290 1259 
1330 1310 1274 1236 
1324 1301 1258 1215 
1317 1291 1241 1191 
1311 1281 1224 1167 
1304 1271 1206 1142 
1297 1260 1187 1114 
1286 1247 1166 1085 
1276 1233 1145 1056 
































TABLE XIII (_Continued) 
Segment Beggs and Brill Lockhart and Martinelli Length 
Leng. No. AGA e: = 0.0 t: = .0002 t: = 0 t: = .0002 Elevation Miles 
0 Temperature F 
1 83 <t,7 7 84 84 83 83 
2 65 st· 2- 65 65 65 64 
3 56 t, i, b 57 56 56 56 
4 53 s·:.i u 53 53 52 52 Q) Q) !-I !-I 
::3 ::3 
00 00 
1 52 S.;i LI 52 52 51 51 rn 00 Q) Q) 
!-I !-I 
2 51 .5!• l- 52 51 50 50 p.. p.. 
!-I !-I 
0 0 
1 51 t;O ·If 52 52 50 50 4-1 4-1 
Cl.I ·ai 
2 51 U?·f 53 52 50 50 ro ro 
Q) Q) 
3 51 Lfq·l- 53 53 51 50 s s <ll ro 
tr.l Ul 
4 52 4t f 53 53 51 50 
5 52 Lrg. t 53 53 51 50 
6 52 fr(~~ t 53 53 51 50 








VOLUMETRIC LIQUID FRACTION FOR CASE 5 
Segment Lockhart-Martinelli Beggs and Brill -4 -4 
No. AGA £/D = o.o E/D = 4.0xlO E/D = o.o E/D = 4.0xlO 
(U = 0.1 Btu/hrft2F) 
1 .02422 .02416 .02364 .024544 .024203 
2 • 02362 .02344 .02171 .02468 • 023571 
3 • 02277 .02245 .01923 .024692 .02268 
4 .02165 .02120 .0161 .024582 .021517 
5 .02026 .01966 .01214 .024351 .02006 
6 .01857 .01784 .0061 .02400 .018279 
(U = 0.5 Btu/hrft2F) 
1 0.02598 0.02591 . 0.02534 0.026335 0.025968 
2 0.02841 0.02811 0.02598 0.029704 0.028359 
3 0.02965 0.02903 o. 024 77 0.032172 0.029554 
4 0.02983 0.02878 0.02187 0.033836 0.029687 
5 0.02908 0.02756 0.01735 0.034787 0.028881 
















PRESSURE AND TEMPERATURE PROFILES FOR CASE 5 
(U ~ 0.5 Btu/hrft2F) 
Lockhart-Martinelli Beggs 
AGA E:==O.O e: = 5xl0 -4 €: = o.o 
Pressure Psia 
869 864 830 868 
822 812 740 720 
775 757 642 772 
725 701 532 722 
674 641 401 670 
619 577 222 614 
Temperature OF 
118 118 117 118 
101 101 98 101 
88 87 83 87 
77 76 70 72 
69 68 58 69 
62 61 44 62 
80 
and Brill 




























PRESSURE AND TEMPERATURE PROFILES FOR CASE 5 
(U c 0.1 Btu/hrft2F) 
Lockhart-Martinelli Beggs 
AGA e: = 0.0 e: = 5x10 -4 :e: = 0.0 
Pressure Psia 
868 864 830 889 
818 811 737 863 
766 755 634 836 
711 695 516 809 
651 632 372 781 
587 564 151 752 
0 Temperature F 
134 134 132 135 
128 127 124 124 
122 121 116 124 
116 115 107 120 
110 109 95 115 
103 102 75 110 
81 
and Brill 
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